Abstract-Vibration of the launcher would cause the initial disturbance of the missile in the launch process. In this paper, the rigid-flexible coupling system model was built on the platform of virtual prototype technology (VPT) based on the improved Craig-Bampton method. Numerical simulation data and experimental results are found to be consistent with each other. Rigid-flexible coupling system was verified to be able to provide valuable results to the research on kinetic, dynamic and vibratory characteristics. Vibration responses of girder and canister under different launching angle are simulated, and results show that increasing launching angle could reduce the vibration of canister and girder.
INTRODUCTION
The vibration of the launching system would cause the non-zero horizontal angle and angular velocity of the missile, which is an important factor of the initial disturbance of the missile [1] . Elastic deformation has an important effect on the dynamic response of the launcher. Rigid-flexible coupling model would be more accurate in dynamic analysis [2, 3] .
In the 1960s, based on Hurty and Guyan's idea, Craig and Bampton proposed a component mode synthesis method named the Craig-Bampton (BC) method [4] . However, the BC method is not suitable for the bodies that have large-scale movement and the assumed modes sets can not be in correspondence with the frequency [5, 6] . Thus, the improved BC method was proposed by considering the flexible body as substructure.
In this paper, the multi-rigid-body system model and rigid-flexible coupling system model were built on the platform of virtual prototype technology (VPT), based on improved Craig-Bampton method. Simulation data and experimental results are found to be consistent with each other and the rigid-flexible coupling model was more accurate than the multi-rigid-body model. Rigid-flexible coupling system was verified to be able to provide valuable results to the research on kinetic, dynamic and vibratory characteristics. Vibration responses of girder and canister under different launching angle are simulated, and the results show that increasing launching angle could reduce the vibration of canister and girder.
II. CRAIG-BAMPTON METHOD AND IMPROVED CRAIG-BAMPTON METHOD

A. Original Craig-Bampton Method
In the CB method, the linear dynamics equations can be expressed by The global eigenvalue problem is
where i and (3) where g and g q are the global eigenvector matrix and its generalized coordinate vector, respectively.
The method assume that the body has no large-scale movement, and the rigid displacement of substructures is included in multi-body dynamics. So the BC method is not suitable for the bodies that have large-scale movement. The constraint modes of substructure analysis are the result of static condensation, so the dynamic frequency response of flexible body can not be reflected. The modes of flexible 978-1-5386-0432-8/17/$31.00 ©2017 IEEE bodies can not be correspondence with the frequency. However, the improved CB method can solve the problem.
B. Improved BC Method
Considering each flexible body as a substructure, the equation (3) where i is regularized modes coordinate vector.
The regularized modes of fixed interface is substituted by the eigenvector of the unconstrained body, and the constraint mode is replaced by the interface feature vector. Then the high frequency modes can be selected because the modes sets can be correspondence with the frequency.
III. EXPERIMENTS AND NUMERICAL SIMULATION MODELS
A. Multi-Rigid-Body Model Figure 1 . multi-rigid-body model
We built the multi-rigid-body model shown in figure 1 . The model was comprised of canister, landing gear, girder, oil cylinder and so on. Constraint relation of parts in the model was shown in figure 2. The girder was placed on the support springs and leveling oil cylinders, and 2 tons of impact load was acting on the vibration table in -y direction. Three measurement points were built on the model, and the displacement and velocity of the points were monitored through simulation. 
B. Rigid-flexible Coupling Model
The rigid-flexible coupling model was comprised of canister, landing gear, girder, oil cylinder and so on as figure 1. For the rigid-flexible coupling model, the canister, landing gear and girder were flexible.
Based on the modal synthesis method, the canister, landing gear and girder were flexible in ANSYS software [7] [8] [9] . Considering the vibration frequency of the model is small, low order modes are mainly used in simulation. Figure 3 shows the girder model and the mainly used modes of girder. 
C. Experiments
The experiments were comprised of canister, landing gear, girder, oil cylinder and so on as shown in figure 1. The launcher was placed on the support springs and leveling oil cylinders, and 2 tons of impact load was acting on the canister with the small vibration table. Three measurement points were built as same as the multi-rigid-body model, and the displacement and velocity of the points were monitored by high speed photographer. Figure 4 shows the small vibration table of VT series. The small vibration table was used for the impact load. We monitored three measurement points in the experiments and simulation process. Measurement point displacement and velocity are shown in Table 1 Comparing experimental data and numerical simulation data, it is found that rigid-flexible coupling simulation data is more closer to experiment data than multi-rigid-body simulation data for numerical simulation. The error between rigid-flexible coupling simulation data and experimental data is less than 10%. It is verified that rigid-flexible coupling model is suitable for analyzing vibration of launcher. Figure 6 shows the displacement of canister mass center in x and y direction. The amplitude reduces and period of vibration shortens as the launching angle increases. When the launching angle is 60 , the maximum amplitude of canister mass center in x direction is 29mm. When the launching angle is 90 , the maximum amplitude of canister mass center in x direction is 23mm. Figure 7 . velocity of canister in x direction Figure 7 shows the velocity of canister mass center in x and y direction. The amplitude reduces and period of vibration shortens as the launching angle increases. When the launching angle is 60 , the maximum amplitude of canister mass center in x direction is 394mm/s, When the launching angle is 90 , the maximum amplitude of canister mass center in x direction is 376mm/s. Figure 9 shows the displacement of girder mass center in y direction. The maximum amplitude under different launching angle is close, and the amplitude value is 2.6mm. But the vibration decays faster as the launching angle gets larger.
VI. CONCLUSION
The multi-rigid model and rigid-flexible coupling model were built based on improved Craig-Bampton method. By comparison of simulation data and experimental data, it is verified that rigid-flexible model is suitable for analyzing vibration of launcher. Then launching system models were built based on rigid-flexible coupling method under different launching angle. Concerning the canister, the displacement amplitude reduces and period of vibration shortens as the launching angle increases, and the pitch angular velocity amplitude under different launching angle is close, but the vibration decays faster as the launching angle increases. Concerning the girder, the maximum amplitudes under different launching angles are close, but the vibration decays faster as the launching angle gets larger.
